Recent work has demonstrated that the receptor-mediated signaling system in chemotactic amoeboid cells shows typical properties of an excitable system. Here, we delivered spatially confined stimuli of the chemoattractant cAMP to the membrane of differentiated Dictyostelium discoideum cells to investigate whether localized receptor stimuli can induce the spreading of excitable waves in the G-protein-dependent signal transduction system. By imaging the spatiotemporal dynamics of fluorescent markers for phosphatidylinositol (3,4,5)-trisphosphate (PIP 3 ), PTEN and filamentous actin, we observed that the activity of the signaling pathway remained spatially confined to the stimulated membrane region. Neighboring parts of the membrane were not excited and no receptor-initiated spatial spreading of excitation waves was observed. To generate localized cAMP stimuli, either particles that carried covalently bound cAMP molecules on their surface were brought into contact with the cell or a patch of the cell membrane was aspirated into a glass micropipette to shield this patch against freely diffusing cAMP molecules in the surrounding medium. Additionally, the binding site of the cAMP receptor was probed with different surface-immobilized cAMP molecules, confirming results from earlier ligand-binding studies.
INTRODUCTION
In many cases, the amoeboid movement of cells is guided by chemical gradients in the concentration of extracellular signaling agents (Ridley et al., 2003) . This process, generally referred to as chemotaxis, plays an important role in various biological processes, including wound healing, the spreading of infections and cancer metastasis (Friedl and Gilmour, 2009) . A Gprotein-coupled receptor (GPR) senses the chemoattractant and triggers intracellular signaling cascades that initiate cytoskeletal rearrangements and, ultimately, directed cell movement (Swaney et al., 2010) . Many details of the chemotactic mechanism, including components of the signaling pathway that interconnects the GPR and the actin cytoskeleton of the cell are conserved between Dictyostelium discoideum and mammalian cells, making the amoeba a popular model for studying chemotactic signaling in eukaryotes (Annesley and Fisher, 2009; Kölsch et al., 2008; Prabhu and Eichinger, 2006) .
In starvation-developed Dictyostelium cells, the initial chemoattractant sensing is mediated by the GPRs cAR1 and, to a lesser extent, cAR3 (Insall et al., 1994) that are activated by extracellular cyclic AMP (cAMP). Upon a ligand-binding event, the heterotrimeric G protein Gabc dissociates into the Ga and the Gbc subclusters (Janetopoulos et. al., 2001; Xu et. al., 2005) , a process that mainly takes place inside or close to the cell membrane (Elzie et. al., 2009) . Photobleaching experiments suggest that active and inactive G proteins cycle between the plasma membrane and a cytosolic pool, such that receptor stimulation enhances membrane localization of the Ga subunit (Elzie et. al., 2009 ). Dissociation of the heterotrimeric G protein triggers Ras guanine nucleotide exchange factors (GEFs) that catalyze the transition from inactive GDP-loaded Ras to active Ras-GTP (Sasaki et al., 2004; Kae et al., 2007) . Recently, Ras activation was shown to undergo three distinct phases -initial activation, symmetry breaking and confinement . The initial activation is proportional to the extracellular cAMP concentration and is mediated by Gbc, whereas subsequent strong symmetry breaking of the intracellular Ras activation in the gradient direction crucially depends on Ga. For the Ga subunit, a nonreceptor GEF has been identified that amplifies Ga-dependent symmetry breaking during chemotaxis .
Ras triggers activity of the evolutionarily conserved class 1b phosphoinositide 3-kinase (PI3K) that produces phosphatidylinositol (3,4,5)-trisphosphate (PIP 3 ) from phosphatidylinositol 4,5-bisphosphate (PIP 2 ), accompanied by a loss of the phosphoinositide 3-phosphatase (PTEN) from the membrane. PTEN can exist either in an activated or in an inactivated state (Rahdar et al., 2009) and is the PIP 3 -degrading enzyme that converts PIP 3 into PIP 2 . Besides activation mediated by Ras , the class 1b PI3Ks also have a binding site for the Gbc subcluster, which has been identified in different mammalian systems (Krugmann et al., 2002; Brock et al., 2003; Suire et al., 2005) . Once activated, PI3K begins to synthesize PIP 3 , which is a second messenger to activate further downstream signaling (Stein and Waterfield, 2000) , such as WASP interaction with Arp2/3 to initiate actin polymerization (Pantaloni et al., 2001) .
In gradients of cAMP, PIP 3 accumulates at the leading edge of the cell, whereas the membrane at the sides and at the back is enriched in PIP 2 . Even though gradient sensing and chemotaxis do not depend on PIP 3 signaling alone (Hoeller and Kay, 2007) , PI3K activity is essential for orientation in shallow gradients (Postma et al., 2004; Takeda et al., 2007) and consistently occurs in many different chemotactic cell types. The gradient-induced symmetry breaking in the phosphoinositide distribution has inspired numerous gradient-sensing models. The most widely used model involves a local activator and a fast-diffusing global inhibitor -the 'local excitation, global inhibition' (LEGI) model (Parent and Devreotes, 1999; Levchenko and Iglesias, 2002) . Different variants of this model have been explored (see for example Levine et al., 2006; Beta et al., 2008; Xiong et al., 2010; Takeda et al., 2012) .
Recent imaging studies have demonstrated that PIP 3 -rich membrane regions might self-organize into coherent wave-like domains that travel across the cell membrane (Gerisch et al., 2012) . There is evidence that these waves are instrumental for particle uptake during phagocytosis . Furthermore, based on its phosphoinositide composition, the wave territory has been found to relate to the front region and the area not covered by the wave to the tail region of a cell undergoing chemotaxis (Gerisch et al., 2012) . The PIP 3 -rich domains move in conjunction with actin waves at their border and show the hallmarks of waves in an excitable system, such as mutual annihilation upon collision or spiral core formation Gerisch et al., 2011; Taniguchi et al., 2013; Gerhardt et al., 2014) . Also, oscillatory dynamics has been observed (Westendorf et al., 2013; Huang et al., 2013) . Prompted by these observations, recent modeling approaches rely on excitable dynamics to describe gradient sensing and chemotaxis (Xiong et al., 2010; Hecht et al., 2011; Neilson et al., 2011; Cooper et al., 2012; Huang et al., 2013; Knoch et al., 2014) . To what extent is this mechanism supported by experimental observations?
The propagation of excitable waves requires a spatially extended active medium with two distinct properties -(1) each location of the medium exhibits excitable dynamics, i.e. upon a super-threshold perturbation, a transient temporal excitation occurs, followed by a refractory period; (2) due to spatial coupling between adjacent elements of the medium, a local excitation induces a super-threshold perturbation also at neighboring locations, so that the excitation spreads as a wave through the active medium. Recent experimental results support condition 1 by showing that cells exposed to uniform cAMP stimuli indeed exhibit threshold-type behavior and a refractory period for the temporal dynamics of both Ras-binding domain (RBD) translocation and PIP 3 formation (Huang et al., 2013; Nishikawa et al., 2014) . Furthermore, the observation of spontaneous wave patterns supports condition 2. But can we also initiate wave patterns similar to the spontaneously emerging PIP 3 and actin waves by a confined, localized cAMP receptor stimulus?
In this study, we developed two alternative tools to deliver localized cAMP stimuli to confined membrane regions of chemotactic Dictyostelium cells, in order to explore whether spreading excitation waves can be initiated by the receptor pathway. We probed excitability of the signal transduction system in response to cAMP receptor stimulation based on the production of PIP 3 by PI3K, the degradation of PIP 3 by PTEN and the polymerization of actin. The fluorescent markers we used to image the excitation process were the PH CRAC -GFP fusion protein to detect PIP 3 (Parent et al., 1998) , the PTEN-GFP fusion protein to study the spatiotemporal dynamics of PTEN (Iijima and Devreotes, 2002; Funamoto et al., 2002; Gerisch et al., 2012) and DdLimED-RFP to detect filamentous actin (Schneider et al., 2003) . Our data show that no spreading excitation waves are initiated in response to a localized receptor stimulus.
RESULTS
To test whether receptor-induced excitations in the chemotactic signal transduction network of Dictyostelium can spread along the cell membrane, we developed two different methods to stimulate a confined membrane area of a differentiated Dictyostelium cell. On the one hand, we used Sepharose particles that carried covalently immobilized cAMP molecules on their surface to stimulate a confined area of the cell membrane. On the other hand, to also stimulate confined membrane areas with freely diffusing cAMP molecules, we furthermore developed a patchclamp-based technique that allowed us to locally shield a patch of the cell membrane against cAMP molecules from the extracellular medium. During stimulation, we imaged the intracellular distribution of fluorescent markers for PIP 3 , PTEN and F-actin and compared the localization of these proteins at the stimulated and non-stimulated sites of the cell membrane.
PIP 3 pattern in response to a localized receptor stimulus initiated by surface-immobilized cAMP molecules (particlebased stimulation)
We studied the receptor-mediated PIP 3 -response in starvationdeveloped Dictyostelium cells that were brought into contact with Sepharose particles decorated with covalently immobilized cAMP molecules on their surface. Particles with four different linker types were tested that exposed the cAMP molecules in different configurations on their surface -8-AH-cAMP, 6-AHcAMP, 2-AH-cAMP and 29O-AHC-cAMP (supplementary material Fig. S1 ). The mean particle diameter was 100 mm, and the concentration of cAMP molecules immobilized on the particles was on the order of 6 mmol/ml. In the first series of tests, particles with the different cAMP coatings were sedimented onto a layer of differentiated Dictyostelium cells that expressed PH CRAC -GFP, a marker that binds to PIP 3 -rich regions in the cell membrane (Parent et al., 1998) . We continuously imaged the intracellular PH CRAC -GFP distribution while the particles were coming into contact with the adherent cells. Finally, a small volume (20 ml) of cAMP solution was added to the extracellular medium as a control to verify that the cells were indeed responsive to extracellular cAMP. The concentration of the added cAMP solution corresponded to a final value of 20 mM in the well-mixed case. Note that owing to the ongoing mixing process in the culture dish, the initial cAMP stimulus received by the cells was much lower than the final value (see the Discussion for a detailed concentration estimate). Out of the four cAMP coatings tested, only particles with cAMP molecules linked in the 6-AH-cAMP configuration reliably triggered a translocation of PH CRAC -GFP from the cytosol to the membrane after collision with cells (supplementary material Fig. S2 ). We furthermore observed that in cases where only parts of the cell membrane were excited by contact with a cAMP-coated particle, the remaining parts of the cell membrane were less responsive to the subsequent global cAMP stimulus. Two examples of this behavior are displayed in supplementary material Movies 3 and 4. Note also that we observed an inhibitory effect for the 29O-AHCcAMP ligand, as subsequent addition of cAMP did not trigger any PH CRAC -GFP translocation in this case (supplementary material Fig. S2 ).
In the second series of experiments, Sepharose particles with 6-AH-cAMP ligands were used to investigate the contact-induced PH CRAC -GFP translocation in more detail. In addition to the cAMP coating, the particles were stained with Rhodamine for confocal imaging of the particle surface. A 6-AH-cAMP-coated and Rhodamine-stained particle was impaled on a glass micropipette that was mounted on the head of a micromanipulator. Using the micromanipulator, the particle was moved towards a differentiated Dictyostelium cell and gently brought into contact with the cell membrane. The contact event was imaged using the Z-stack mode of the laser-scanning confocal microscope. We recorded at two different excitation wavelengths to capture the fluorescence signal of the PH CRAC -GFP marker (green) and that of the Rhodaminestained particle surface (red) at the same time.
After the particle and the cell surfaces came into contact, translocation of the PH CRAC -GFP marker to the membrane was observed. Remarkably, only the membrane area that was in direct contact with the particle surface was decorated with PH CRAC -GFP. At the end of the contact zone, the fluorescence intensity decreased abruptly (Fig. 1) . We performed control experiments with particles that did not carry any cAMP coating at their surface to test whether the localized translocation of the PH CRAC -GFP marker was triggered by the mechanical impact of the approaching particle. No PH CRAC -GFP translocation was observed (Fig. 2 ). This clearly indicates that the localized PH CRAC -GFP signal in Fig. 1 can be attributed to a receptor response induced by the 6-AH-cAMP coating of the particle. The PH CRAC -GFP translocation initiated by the surface-immobilized cAMP ligands was similarly strong as translocations triggered by freely diffusing cAMP. Particles that expose cAMP ligands at their surface induce a localized PH CRAC -GFP translocation when brought into contact with the membrane of a differentiated Dictyostelium cell. In order to test whether localized stimuli with free cAMP molecules induce a similar translocation pattern, we developed a method based on classical patch clamp techniques that allowed us to shield a membrane region against cAMP molecules in the extracellular medium. A patch of the membrane of a differentiated Dictyostelium cell was aspirated into the open tip of a glass pipette with an open resistivity between 2 and 4 MV. Depending on the pressure inside the pipette, the seal resistivity could be adjusted between 4 MV and values .100 MV.
Brightfield microscopy images clearly show the bulb-shaped membrane invagination inside the glass pipette (Fig. 3B ). The membrane patch inside the pipette is readily accessible for fluorescence imaging by laser-scanning confocal microscopy to reveal the distribution of intracellular markers at the membrane because the excitation plane is intersecting the patch inside the glass pipette as well as the remaining cell in the extracellular medium. Depending on the position of the excitation plane, this might cause the membrane of the shielded patch and the remaining cell body to appear as two disconnected circular regions (see Fig. 3C for an explanatory schematic view).
It can be expected that for sufficiently high seal resistivities, small molecules like cAMP can no longer penetrate into the opening of the pipette. In this case, the addition of cAMP to the surrounding medium will stimulate the receptors at the entire cell surface except for the part of the membrane inside the pipette. We performed a series of aspiration experiments with PH CRAC -GFPexpressing Dictyostelium cells in which the seal resistivity was successively increased from 4 MV to ,100 MV. For resistivities ,50 MV, the addition of cAMP to the surrounding medium induced a translocation of the PH CRAC -GFP marker to all parts of the cell membrane, including the membrane patch inside the glass pipette ( Fig. 4A) . If the seal resistivity was adjusted to .50 MV, no PH CRAC -GFP translocation to the membrane inside the glass pipette was observed, whereas the remaining membrane outside the pipette was still decorated with the fluorescent marker upon cAMP stimulation ( Fig. 4B ; supplementary material Fig. S3 ). We thus conclude that for resistivities .50 MV, the seal between the glass pipette and the membrane is strong enough to prevent cAMP molecules from entering into the pipette tip, so that the membrane patch inside the pipette is shielded against the cAMP stimulus. In all cases, cells were stimulated with a final cAMP concentration of 20 mM. We note, however, that the initial stimulus was much weaker than this, see also the comment above and the Discussion. An impaled Sepharose microparticle that is exposing covalently bound cAMP molecules (6-AH-cAMP) on its surface was brought into contact with a differentiated Dictyostelium cell (D.d.) expressing the PIP 3 marker PH CRAC -GFP (green). For better visibility, the surface of the particle was stained with Rhodamine (red). After contact with the particle, the enhanced fluorescence at the inner cell membrane indicates a PH CRAC -GFP decoration and thus the presence of PIP 3 . Images are taken 19.5 s apart. Scale bar: 10 mm.
Similar to the results obtained by stimulation with cAMPcoated particles, the zone of PH CRAC -GFP localization was clearly confined to membrane areas that were in direct contact with cAMP on the outside of the cell and ended abruptly with the beginning of the shielded region inside the glass pipette where no cAMP was present (note that the seal is not necessarily established at the tip but might be located further inside the pipette). Up to 12.5 s after addition of cAMP, the seal resistivity was kept constant and the fluorescence at the unshielded cell membrane as well as at the shielded patch inside the pipette was observed. For all experiments with a seal resistivity .50 MV, a steep transition zone of PH CRAC -GFP marker localization remained between the membrane region exposed to cAMP and that which was shielded against cAMP.
PTEN and actin patterns in response to a localized stimulus with freely diffusing cAMP molecules (patch clamp shielding)
Besides the translocation pattern of the PH CRAC -GFP marker, we also studied the response of the PIP 3 -degrading phosphatase PTEN and of the actin system. We performed aspiration experiments as described in the previous section, now using a differentiated Dictyostelium cell line that simultaneously expressed PTEN-GFP and DdLimED-RFP, a marker for filamentous actin. Based on the results shown in Fig. 5 , we could compare the localization of PTEN and F-actin at the open and shielded parts of the cell membrane following cAMP stimulation. At the open membrane that was in direct contact with cAMP during stimulation, the PTEN decoration vanished rapidly while the cortical LimED localization reached its maximum. However, at the shielded membrane patch inside the pipette, the PTEN decoration stayed intact after cAMP stimulation and the LimED signal did not change. To quantify the fluorescence Mechanical stimulation with micro-particles (control). A Sepharose particle that did not carry any cAMP molecules on its surface was brought into contact with a differentiated Dictyostelium cell that expresses the PIP 3 marker PH CRAC -GFP (green). The surface of the particle is indicated by red fluorescence of the Rhodamine (red), which was used to stain the particle. Upon contact between the particle and the cell between 33 and 66 s, the intensity of green fluorescence in the membrane area in contact with the particle did not change. Scale bar: 10 mm. (red) is intersected by the focal plane of a microscope (blue). A patch of the cell membrane is aspirated into a glass pipette (green) that is also intersected by the imaging plane, so that a fraction of the cell membrane and of the patch inside the pipette is imaged at the same time.
intensities at the cell membrane exposed to cAMP and at the shielded patch, an image analysis tool was developed to average the intensity profile in a direction normal to the cell membrane along the perimeter of the cell (see Materials and Methods) .
The quantitative analysis of the PTEN-GFP fluorescence signal confirmed that the PTEN localization vanished at the cAMP-exposed membrane areas and stayed constant at the shielded membrane (Fig. 6) . Similarly, the DdLimED-RFP marker showed a response in the cortical areas adjacent to the cAMP-exposed membrane and remained unchanged at the shielded areas (Fig. 6) . Further examples demonstrating that no DdLimED-RFP translocation takes place in the shielded parts of the cell as can be seen in Fig. 7 .
Note that throughout the experiment, an increased DdLimED-RFP localization was found inside the pipette close to the tip (Fig. 7) , as reported previously (Luo et al., 2013) . We conjecture that this F-actin accumulation is caused by the mechanical stress exerted by the pipette tip. To test this hypothesis, we mechanically stimulated a cell by touching its surface with the tip of a glass pipette (supplementary material Fig. S4A ). Indeed, we observed that, at the site of contact with the pipette tip, the DdLimED-RFP fluorescence initially increased significantly but decreased later, whereas the distribution of the PTEN-GFP marker remained largely unchanged.
DISCUSSION
In this study, we investigated whether localized cAMP receptor stimuli can trigger spreading excitation waves in the signal transduction network of differentiated Dictyostelium cells. We used cell lines expressing fluorescent markers of PIP 3 , PTEN and filamentous actin, and we monitored their spatiotemporal responses by laser-scanning confocal microscopy. In contrast to other studies, we applied localized cAMP stimuli that were spatially restricted to a confined membrane area. Such stimuli were either generated by contact with a surface that carried immobilized cAMP molecules or by using a patch clamp technique that allows the shielding of a patch of the cell membrane by micropipette aspiration. The main results of our study are that (1) localized stimulation of the cAMP receptor induced activations in the chemotactic signal transduction network of Dictyostelium that remained locally confined to the stimulated membrane region. No wave-like spreading of the excitation along the cell membrane was observed. (2) Previous insights into the ligand-binding site of the cAMP receptor (GPR) are in good agreement with our results.
The cAMP-binding site
Earlier studies have characterized the binding site of the cAMP receptor in Dictyostelium using different derivates of the cAMP molecule (Van Haastert and Kien, 1983; Mato et al., 1978) . It was found that especially the anti-configuration of the cAMP molecule binds to the receptors through the two hydrogen bonds on the amine at position 6 and on the oxygen at position 39 (supplementary material Fig. S1 ). A similar result had been reported earlier, claiming a third hydrogen bond between the receptor-binding site and the amine at position 7 of the purine Fig. 4 . Shielding of a membrane patch by micropipette aspiration. A differentiated PH CRAC -GFP-expressing Dictyostelium cell was imaged at an excitation wavelength of 488 nm to visualize localization of the PIP 3 marker. Simultaneously, brightfield images were recorded to visualize the glass pipette in contact with the cell under investigation. (A) After adjusting the seal resistivity to ,50 MV, 20 mM cAMP was added to the surrounding medium. The translocation of the PH CRAC -GFP marker, also inside the glass pipette, was clearly detectable. (B) The same experiment was repeated with a seal resistivity .50 MV. No PH CRAC -GFP translocation occurred at the membrane inside the pipette. In both cases, frames are 3.13 s apart. The time-point of cAMP addition is indicated by a shadow in the brightfield image (top left), resulting from a partial interruption of the light path by the pipette.
group (Mato et al., 1978) . In both cases, it was concluded that ligand binding to the receptor and the triggering of the receptor response are different events that depend on different properties of the ligand. Modified cAMP molecules can cause a response similar to that of cAMP but they can also inhibit the receptor (Van Haastert et al., 1982) .
The 6-AH-cAMP [N6-(6-aminohexyl)-adenosine-39,59-cyclic monophosphate] used in this study is immobilized on a particle surface through an amine group between the linker and the nitrogen at position 6 of the purine group. According to Van Haastert and Kien, 1983, a modification of this amine influences the binding of this molecule with the receptor. The fact that we nevertheless observed a translocation of the PH CRAC -GFP marker upon collision of a particle carrying 6-AH-cAMP and a Dictyostelium cell can be attributed to the high concentration of 6 mmol/ml (6 mM) of surface-bound cAMP ligands that are exposed by these particles. Also, the surface of the Sepharose particles is rough and therefore much larger than the surface of a comparable sphere. We thus conclude that, in our experiments, the reduced binding affinity due to the modification at position 6 of the adenine moiety is compensated for by the much higher ligand concentration. Under these conditions, the fluorescence intensity of the PH CRAC -GFP-decorated membrane in contact with surface-immobilized cAMP was found to be comparable to that of PH CRAC -GFP translocations triggered by freely diffusing cAMP molecules.
Our observations of cellular responses upon contact with 8-AH-cAMP, 2-AH-cAMP and 29O-AHC-cAMP are in good agreement with the results reported previously (Mato et al., 1978; Van Haastert and Kien, 1983) . In particular, Van Haastert et al., 1982 described an inhibitory effect if the cAMP molecule is modified at position 29 of the ribose. In agreement with this finding, we observed an inhibitory effect of the 29O-AHC-cAMP upon contact with a cell if free cAMP molecules were subsequently added. The 29O-AHC-cAMP is immobilized by an amide bound with the oxygen at position 29 of the ribose.
Response to confined AMP stimuli
We investigated the spatiotemporal dynamics of the cAMPreceptor-mediated signal transduction network in Dictyostelium by applying locally confined cAMP stimuli to the membrane of chemotactic cells. The cAMP stimuli were characterized by a step-like concentration profile, where the concentration of cAMP changed from zero to a maximum value over a distance ,2 mm, thus allowing us to locally stimulate a confined region of the cell membrane. We explored two different techniques to generate the confined cAMP stimuli.
First, we imaged the contact site between the membrane of PH CRAC -GFP-expressing cells and the surface of particles that expose immobilized cAMP molecules. At the contact site, a translocation of PH CRAC -GFP to the cell membrane was observed, indicating the formation of PIP 3 . The translocation of the PH CRAC -GFP marker was clearly confined to the contact area, and the PH CRAC -GFP decoration decreased abruptly where the contact between the cell and the particle ended. Second, we used a more sophisticated method to generate confined cAMP stimuli based on shielding a patch of the cell membrane against freely diffusing cAMP molecules by aspiration into a micropipette. Similar to the clear confinement of the intracellular PH CRAC -GFP decoration to the contact area with cAMP-decorated particles described above, the micropipette aspiration experiment also showed that the PH CRAC -GFP signal is restricted to those membrane areas that are in direct contact with extracellular cAMP. No translocation was observed to the shielded parts of the membrane.
We note that in the current setup, it is technically not possible to directly test the responsiveness of the aspirated membrane by applying cAMP to the shielded parts of the membrane on the inside of the pipette. However, there are strong indications that the membrane inside the pipette remains responsive to cAMP. First, for seal resistivities just below 50 MV, the membrane is fully responsive (Fig. 4A) . Second, we also note that the so-called loose patch clamp technique allows the measurement of action potentials of ganglion cells at a sealed membrane patch (Stett et al., 2000; Gerhardt et al., 2011) . Even though the underlying mechanisms of these processes are very different, this further indicates that signaling at the membrane remains intact during pipette aspiration experiments. Finally, the data displayed in supplementary material Fig. S4B demonstrates that, upon cAMP stimulation, the LimE localization in the seal region at the tip of the pipette increased, clearly highlighting that, even in regions where the mechanical stress is maximal, the membrane is still responsive to cAMP.
At the interface between the shielded and non-shielded parts of the cell membrane, the PH CRAC -GFP fluorescence intensity changed across a narrow transition zone. This transition zone was displayed intracellularly by the fluorescence markers at the edge of the stimulated membrane area. The extension of this transition zone was found to be equal to that of the cAMP gradient at the border of the confined stimulus that corresponds in a first approximation to a step function.
A similar result was also obtained when monitoring the fluorescence intensity of the DdLimED-RFP marker that indicates filamentous actin. The mechanical stress induced by the tip of the micropipette caused an increased fluorescence of the DdLimED-RFP marker even in the absence of cAMP, as reported previously (Luo et al., 2013) . However, it was not the case that the complete membrane patch inside the micropipette displayed enhanced DdLimED-RFP fluorescence, but only those parts of the membrane that were under mechanical stress in the region of the seal at the tip of the micropipette. Upon cAMP stimulation, the fluorescence at the membrane in contact with cAMP increased, whereas the intensity at the membrane of the shielded patch remained unchanged. Whether mechanically induced actin polymerization in the seal region between the membrane and the micropipette acts as a border that prevents spatial spreading of actin polymerization remains an open question.
The confined cAMP stimulation was further extended to cells expressing PTEN-GFP. PTEN is localized at PIP 2 -rich membrane regions, indicating those parts of the membrane that have been not in contact with extracellular cAMP. Upon cAMP stimulation, PTEN translocates into the cytosol, followed by PIP 3 formation at the membrane (Iijima and Devreotes, 2002; Funamoto et al., 2002) . In our localized stimulation experiments, we observed that the fluorescence localization of PTEN-GFP (indicating a PIP 2 -rich membrane) remained constant on the membrane that was shielded against extracellular cAMP. The localization of PTEN thus exhibited an inverted pattern as compared with the localization of PH CRAC -GFP and actin. In summary, our findings indicate that localized stimulation of the signal transduction pathway from the cAMP receptor to the actin machinery, including the PIP 3 /PIP 2 system and filamentous actin, does not trigger excitations that autonomously spread across the membrane. Only those parts of the membrane that are in direct contact with extracellular cAMP remain in the excited state (Fig. 8A) .
Earlier work has shown that Dictyostelium cells might exhibit dynamic wave patterns involving PI3K and PTEN activity as well actin polymerization (Gerisch et al., 2004; Bretschneider et al., 2009) . They emerge independently of any receptor input signal and propagate as composite structures over large distances across the substrate-attached cell membrane, displaying characteristic features of excitable waves (Taniguchi et al., 2013; Gerhardt et al., 2014) . We assume that the receptor-independent positivefeedback circuit that has been reported in Gbc-null cells and involves the spontaneous activation of Ras, PI3K and F-actin might provide the mechanistic bases for such spontaneously emerging wave patterns . In particular, as Ras and PI3K are activated immediately following a cAMP receptor signal, we expected that excitable waves should be initiated by a localized receptor stimulus. However, our present results indicate that this is not the case. No wave-like spreading of excitations was observed in response to a localized cAMP stimulus.
We point out that the absence of wave-like spreading in our experiments cannot be attributed to the choice of concentration of the external cAMP stimulus. Even though the cAMP concentration in the micro-pipette aspiration experiments was chosen such that a final concentration of 20 mM was reached in the well-mixed case, the initial cAMP exposure of the cells was much lower. This is due to the way in which the experiments were performed. We imaged cells that were attached to the bottom plate of a glass-bottomed Petri dish, covered by a layer of phosphate buffer with a total volume of ,1 ml. For stimulation, 20 ml of 1 mM cAMP solution was added with a micropipette. However, in order to avoid strong convection and disturbances of the cells in the field of view, the cAMP was not added directly to the cells in the field of view but at a distance of 1 cm away. From there, it spread into the dish by gentle convection and diffusion. The initial cAMP stimulus that the cells received was thus well below the final 20 mM that was only reached in the well-mixed case. In the supplementary material Movies 1 and 2, we display examples of cells that show spontaneous PIP 3 signaling on their membrane. When stimulating these cells according to the protocol described above, the cAMP response was comparable in strength to the initial autonomous signaling. The autonomous signaling activity was weakened by the receptor stimulus but typically re-emerged after the response to the uniform cAMP stimulus had decayed. We thus conclude that the actual receptor stimulus was strong but still within the physiological range, where native signaling activities of the cells take place. No cringing responses or other effects that might indicate massive cAMP exposure were observed. By contrast, these cAMP concentrations ensure that we are not operating in the subthreshold regime of this receptor-mediated signaling system.
Our findings suggest that a uniform cAMP stimulus transiently weakens the autonomous signaling activity throughout the cell. In particular, a locally confined cAMP stimulus does not initiate the excitatory spatial spreading of the PI3K and F-actin activity along the membrane. Possible candidates that might suppress spatial excitability are the Ga and Gbc subclusters that are released by the cAMP receptor upon ligand binding. This hypothesis is supported by the fact that the class 1b PI3K shows a binding site for Gbc in mammalian cells (Krugmann et al., 2002; Brock et al., 2003; Suire et al., 2005) . Direct interaction between the Gbc subcluster and PI3K might alter the spatial spreading of excitations of the intrinsic PI3K-F-actin feedback system, keeping in mind that a membrane anchor has been reported for the Gbc subcluster (Stephens et al., 1997; Brock et al., 2003) .
In agreement with the reciprocal localization pattern of PI3K and PTEN in Dictyostelium cells exposed to cAMP gradients (Iijima and Devreotes, 2002; Funamoto et al., 2002) , here we observed that PTEN-GFP accumulates in those membrane areas that are not decorated with the PIP 3 -marker PH CRAC -GFP. Hodakoski et al., 2014 reported that PIP 3 -dependent Rac exchanger 2 (PREX2) can inhibit PTEN in mammalian cells. Even though it is not known whether a homolog exists in Dictyostelium, we can speculate that a PIP 3 -dependent PTEN inactivator restricts PTEN activity to those membrane regions that do not contain PIP 3 , so that PIP 3 -rich membrane regions triggered by cAMP receptor stimuli remain stationary in space (see the schematic in Fig. 8B ). Note that PREX2 might additionally depend on the Gbc subunit, as has been reported for PREX1 (Welch et al., 2002) .
Comparison to models of chemotactic gradient sensing
Our results are in line with common models of chemotactic gradient sensing based on the concept of LEGI (Parent and Devreotes, 1999; Levchenko and Iglesias, 2002) . A slowdiffusing localized activator and a fast-diffusing inhibitor are released upon receptor binding and set a threshold, so that intracellular downstream signaling is triggered only at those parts of the membrane where the local concentration of the activator exceeds the inhibitor concentration. In this way, the LEGI model can explain how cells undergoing chemotaxis in a shallow cAMP gradient might undergo a strong symmetry breaking, such that PIP 3 is produced only at the side of the cell pointing towards the higher cAMP concentration. Similarly, the LEGI model can account for our observation that PIP 3 formation is confined to those membrane areas that are in direct contact with extracellular cAMP in a step-like concentration profile. In addition, the data from our stimulation experiments with cAMP-coated particles indicates that those parts of the cell membrane that are not in direct contact with the particle surface become less responsive to a subsequent cAMP stimulus (supplementary material Movies 3, 4). These observations support an underlying LEGI-type mechanism, where signaling activity is suppressed by a global inhibitor in those parts of the membrane that are not (or are to a lesser extent) excited by a chemoattractant stimulus. This is in line with the long durations of the localized signaling events, similar to translocation events initiated by shallower cAMP gradients.
Recently, LEGI-type gradient-sensing models have been combined with excitable modules in various ways to account for the dynamics of pseudopod formation during chemotactic motion. Xiong and colleagues have combined a LEGI-type compass model with excitable downstream cytoskeletal activity (Xiong et al., 2010) . Huang and co-workers separate the signal transduction chain into an excitable part including Ras, PI3K and Rac on the one hand, and an oscillatory part that involves SCAR/WAVE, Arp2/3, coronin and actin on the other hand (Huang et al., 2013) . In both cases, it is expected that stochastic fluctuations randomly trigger excitation waves that ultimately result in pseudopod formation. Gradient cues then lower the excitation threshold on one side of the cell, so that pseudopod formation is directionally biased, resulting in chemotactic movement.
In the light of our findings, we suggest the following overall picture. Excitability in the signaling system including Ras and PI3K/PTEN displays noise-induced spontaneous wave formation and random motility in the absence of external cues. Under spatially uniform receptor input signals, the temporal signatures of an excitable system are clearly conserved (Huang et al., 2013) . However, in the presence of spatially non-uniform cAMP stimuli (gradients or step profiles), wave-like spreading of excitations is suppressed and the dynamics of the signaling system are well described by a LEGI-type compass model. This is in line with current views on the cellular functions associated with these dynamic structures. Although randomly initiated excitable wave patterns represent an efficient strategy to screen a substrate surface for nutrient particles to be taken up by phagocytosis , such wave patterns might not be optimal for directional locomotion. Instead, in the presence of non-uniform receptor stimuli (gradients of step profiles) the activity of the signaling pathway is confined to the activated membrane areas, where pseudopodia will be formed for efficient forward motion.
MATERIALS AND METHODS

Cell culture and imaging
We used Dictyostelium discoideum cell lines expressing (1) DdLimED-RFP and PTEN-GFP in AX2, kindly provided by Günther Gerisch (Martinsried, Germany; Gerisch et al., 2012) and (2) PH CRAC -GFP in AX3, kindly provided by Peter N. Devreotes (Johns Hopkins University, Baltimore, MD). Both cell lines were grown in HL5 medium (Foremedium) containing (1) 5 mg/ml blasticidin, 10 mg/ml geneticin and 33 mg/ml hygromycin B and (2) 0.5 mg/ml geneticin. The optical density of the cell cultures was continuously recorded to identify the best point in time for harvesting the cells during the exponential growth phase. At this point, the cell density reached ,2610 6 cells/ml. The cells were harvested by centrifugation (at 300 g for 3 min) and washed once in phosphate buffer (2.1 mM Na 2 HPO 4 , 14.6 mM KH 2 PO 4 , 2 mM CaCl 2 in 0.05 mS/cm water). Finally, the cells were equilibrated at a density of 2610 6 cells/ml in phosphate buffer for differentiation. The cells were differentiated by starvation in a shaking flask culture at 150 rpm for 4-5 h and exposed to periodic pulses of cAMP (one every 6 min, 50 nM final concentration) using a computer-controlled pump.
Cells were imaged by laser-scanning confocal microscopy at excitation wavelengths of 488 nm and 526 nm (simultaneously for GFP and RFP) with a resolution of 102461024 pixels per image using an LSM780 microscope (Zeiss, Germany) equipped with a PlanApo 406/NA 1.4 oil objective. Prior to each experiment, a sample from the shaking culture was exposed to a uniform stimulus of 20 mM cAMP (final concentration), and the translocation of the fluorescent markers in response to the stimulus was recorded. If a translocation was clearly detectable (membrane recruitment of PH CRAC -GFP, or membrane recruitment of DdLimED-RFP followed by restoration of the PTEN-GFP decoration) the cells were considered ready for further experiments. . Differentiated cells were brought into contact with cAMP particles either by letting the particles sediment onto the cells or by controlled movement. In the latter case, a particle was impaled on a glass micropipette that was mounted on a micromanipulator. Using the micromanipulator, the impaled cAMP particle was gently lowered to come into contact with a selected cell in a well-controlled fashion. For better visibility, the surface of the particles was stained with Rhodamine, kindly provided by Bernd-Reiner Paulke (Fraunhofer IBMT Potsdam, Germany). During collision, the impaled cAMP-coated particle and the cell were continuously imaged by laser-scanning confocal microscopy in the Z-stack scan mode, simultaneously exciting at 488 nm and 526 nm using a LSM710 microscope (Zeiss, Germany) equipped with a PlanApo 406/NA 1.4 oil objective and a micromanipulator.
Patch clamp shielding
Confined cAMP stimuli were generated by shielding a patch of the cell membrane in a glass pipette during exposure of the cell to extracellular cAMP. Pipettes were manufactured using a pipette puller, such that the tip opening was between 2 and 3 mm (Zeitz Instruments, Germany or Sutter Instruments, CA). With the help of a micromanipulator, the open tip of the glass pipette was moved close to the membrane of a differentiated cell and a patch of its membrane was aspirated into the pipette by applying negative pressure. To monitor the seal between the membrane patch inside the pipette and the extracellular medium, an Axopatch 200B amplifier (Molecular Devices Inc., CA) in combination with an oscilloscope and a square-wave generator was used. If the seal resistivity showed a value .50 MV, the membrane patch was considered to be sealed against the extracellular space. The membrane patch inside the pipette and the remaining part of the cell outside were imaged by laser-scanning confocal microscopy as described above.
Image analysis
We developed an image analysis algorithm to quantify the average intracellular membrane decoration with fluorescent markers. In a first step, the perimeter of a chosen cell was automatically rendered as an n-degree polygon with a point-to-point distance of 5 pixels. At each point of the polygon, the fluorescence profile was measured over a length of 4 mm normal to the cell border. We then averaged the intensity profiles obtained for all points of the polygon to obtain an average intensity profile across the cell membrane.
